found to be correlated with both B and C, and based on a true mechanistic coupling, then B and C 1 1 SNP-sites. In the re-sampling, only those SNP-sites, which were identified as part of pair hits, 3 1 1 were considered, thereby eliminating SNP-sites from the original SNP-set that represent noise 3 1 2
(regions that are difficult to sequence and, thus, rich in polymorphisms) or any other SNPs that 3 1 3 are unlikely to represent any interaction. Furthermore, this selection renders the data manageable, 3 1 4
as for ~5.7E+13 pairs, the fraction of N-base calls needs to be tracked resulting in prohibitively 3 1 5 large data files. This approach of re-sampling only from those SNP-sites that were part of at least 3 1 6 one pair hit was applied throughout this study whenever re-sampling was performed or the total 3 1 7
number of comparisons was to be estimated.
1 8
The actual enrichment profile with regard to pair hit class was compared to the 3 1 9
randomized data via the Pearson linear correlation coefficient, r. We applied this procedure for 3 2 0 the various filtering steps with an effective filtering becoming apparent by a low correlation 3 2 1 coefficient r. High correlations would suggest no difference of observed vs. randomized pair hit 3 2 2 statistics, while low correlations would be indicative of differences, and therefore, reflect a signal 3 2 3
in the observed data. In addition to the Pearson correlation coefficient, we computed correlation 3 2 4
coefficients weighted by the number of pairs observed for every particular pair hit class by using 3 2 5 the R package "wCorr". Thereby, the influence of large, but not statistically supported 3 2 6 enrichment factors associated with low numbers of occurrences (random fluctuations) is reduced. Three publicly available databases on molecular interactions were used to assign information to 3 3 1 each pair hit, and to determine whether the polymorphic sites in a pair hit belong to a pair of 1 2 sites located inside the coordinate intervals of DNA loops described to be in contact were 3 4 5 considered as interacting polymorphic sites.
4 6
The enrichment of pair hits associated with interacting molecules (PPI, miRNA-mRNA, 3 4 7 or loops) was tested by comparing the frequency of actual pair hits detected on molecules 3 4 8 reported to interact to those obtained from random sampling. The random sampling was repeated 3 4 9 100 times and reported as a z-score statistic, with z-score computed as z-score=(f a -<f r >)/σ r , where 3 5 0 f a is the actually observed frequency, <f r > the mean random frequency, and σ r the associated 3 5 1 standard deviation. This comparison was done first using all the originally obtained pair hits 3 5 2 against 100 samples of the same set, and secondly, using the filtered set (for lineage, linkage, and 3 5 3 transitivity) compared also to 100 samples of this filtered set. As described above, in every 3 5 4 random sample run, SNP-sites were randomly paired up creating the same number of pairs as in 3 5 5 the original set and preserving the original chromosomal distance distribution, but reconnecting 3 5 6 them randomly.
5 7
Comparison with Hi-C data to detect long-range chromatin interactions 3 5 8
Long-range chromatin interactions have been studied in Arabidopsis using the Hi-C technology 3 5 9 (27, 28) . From Wang and collaborators, we received a table with the Hi-C data for the five 3 6 0
Arabidopsis nuclear chromosomes containing Hi-C data presented as a 1,193 by 1,193 matrix of 3 6 1 real-number values (28). This matrix consists of bins of genomic regions of size 100Kbp and 3 6 2 using the TAIR9 (equivalent to TAIR10) genome assembly as reference. The Hi-C data were 3 6 3 rendered binary by introducing a threshold of larger than 3 to indicate interactions, and otherwise 3 6 4 no interaction, as recommended by the study authors (personal communication). To allow a 3 6 5 comparison, we converted our pairwise and position-based data to a binned representation as 3 6 6
well. The number of pair hits per cell (100Kx100K bp) was normalized by the number of possible 3 6 7 comparisons between the two bins of length 100K bps, i.e. all pairwise comparisons of any SNP-3 6 8 site in each cell. A binomial test was implemented to define, which pairs of bins have more hits 3 6 9 than expected. The expected probability of pair hits was estimated from the performed random 3 7 0 sampling (see above). To account for linkage, only SNP-SNP pairs at distances greater than 10K 3 7 1 or on different chromosomes were considered while also preserving the actual distance 3 7 2 distribution of pair hits at larger distances. In addition, SNP-SNP pairs were filtered for lineage 3 7 3 and transitivity (set Lk+Ln+Tr). Pairs of bins were considered significantly enriched for 3 7 4 correlated mutations based on binomial testing with applied FDR correction for multiple testing 1 3 segregation using a Fisher exact test on the binary data; i.e. interacting yes/no, enriched for 3 7 7 correlated mutations yes/no. 3 7 8 3 7 9 3 9 1 by Benjamini and Hochberg (32). Gene sets were not rendered unique; i.e. genes can be contained 3 9 2 in the set engaging in positive and negative pairwise co-expression (with respectively differing 3 9 3 gene partners) as well as, if a gene was reported in multiple pairings, its GO-term annotations 3 9 4 were counted repeatedly effectively increasing their weights. 3 9 5 3 9 6
Results

9 7
From an all-against-all comparison of all SNP-sites passing the selection criteria and across all 3 9 8 considered 1,135 Arabidopsis thaliana accessions, 41,065,045 pairs of SNPs were detected at an 3 9 9
Adjusted Mutual Information (AMI) level of above the employed threshold value of 0.9 and were 4 0 0 considered significant correlations, henceforth referred to as pair hits. The total number of pair 4 0 1 hits corresponds to 7*10 -5 % of all computed comparisons. Of all 10,707,430 polymorphic sites 4 0 2 available for analysis, 1,329,228 (~12%) were part of at least one pair hit (Table 1) profile also reflects the chromosomal structure with high SNP densities near the centromeric 4 0 7 regions, especially related to transposable element genes ( Figure 1A ). Most pair hits (84%) were 4 0 8 found to be involved in inter-molecular interactions, with pair hits corresponding to protein-1 4 normalization, we found that the most abundant pair hits relative to the corresponding number of 4 1 1 comparisons were found on pairs of snoRNA-snoRNA, tRNA-tRNA, transposable element (TE)-4 1 2 TE, and TE-pseudogenes molecules ( Figure 1C Correlated mutations will also reveal linkage effects, the joint inheritance of proximal SNP-sites 4 1 6 due to reduced probabilities of crossing-over events, known also as linkage disequilibrium.
1 7
Indeed, a pronounced increased frequency of pair hits at close genomic distances extending to a 4 1 8 distance of up to 10K bps is evident ( Figure 2 ). Most of the pair hits were found in close We inspected the global correlation structure of SNP-sites in the nuclear genome of Arabidopsis 
3 2
Evidently, and demonstrated already ( Figure 2 ), linkage has a pronounced effect on the 4 3 3 correlation structure and was accounted for by a distance-biased random re-sampling used as a 4 3 4 second background distribution.
3 5
The heatmap of actual vs. expected pair hits indeed reveals regions of increased SNP-4 3 6
SNP correlations relative to both tested background frequencies (SNP-density alone, distance- 
1
When comparing pair hit counts to density-derived random pairings, again, the effect of 1 5 expected counts, Figure 3 , lower-right triangular matrix). By contrast, the distance-biased 4 4 5 resampling effectively accounts for the linkage effect (no elevated counts on the diagonal).
6
Rather, except for the pericentromeric region, a relatively large (~2Mb) interval of seemingly 4 4 7 lower than expected actual SNP-pairs is revealed (green band around diagonal in Figure 3 To identify pair hits that reflect functional associations via compensatory mechanisms, enriched relative to intergenic regions. Instead, they were found to be depleted. Furthermore, 5 0 0 upon randomly re-sampling, a very similar enrichment profile was obtained as for the observed 5 0 1 pair hits data (Pearson correlation coefficient, r=0.86, Figure 4A ). Thus, when considering all pair 5 0 2 hits, no strong evidence of functional relevance of correlated mutations was apparent.
0 3
To account for linkage as a driver of correlated mutations, all pair hits with distances of 5 0 4 smaller than 10K bps were discarded based on the observed distance dependence of pair hits 5 0 5 ( Figure 2 ). This subset is referred to as subset Lk. Again, enrichment of genomic classes 5 0 6
represented in the set was tested relative to intergenic regions as the reference ( Figure 4B ). There 5 0 7 was no pronounced difference in the enrichment factor distribution between the subset Lk and the 5 0 8 complete results using intergenic regions-reference. Furthermore, when comparing the subset Lk 5 0 9
to its random sampling, pair hits still exhibit a high correlation level (r=0.79).
1 0
Using different accessions from the same plant species can be expected to confer a strong 5 1 1 phylogenetic bias to our results as the different accessions are closely related by descent.
1 2 1 7
Therefore, it is essential to discriminate whether the detected covariance is functional or primarily 5 1 3 reflects the phylogenetic history (lineage) and, thus, population structure. To account for 5 1 4 phylogenetic bias, we measured all pairwise sequence distances between accessions and used the 5 1 5
Average Distance Diameter (ADD) to assess the level of genome sequence diversity. The ADD 5 1 6 was calculated among the groups of accessions that correspond to clusters of accessions based on 5 1 7 the particular allele at a SNP-site (see Methods; for illustration, see Supplementary Figure 2 ). The 5 1 8 rationale for this approach is to use SNP-sites resulting in clusters of accessions that correspond 5 1 9
to high sequence diversity as this can be taken as evidence that natural selection may have favor a 5 2 0 particular allele at a given site. Consequently, only pair hits with corresponding clusters of 5 2 1 accessions displaying high diversity were considered. The top-75% percentile of the ADD 5 2 2 diversity was used as a threshold. This subset was denoted as subset Lk+Ln, comprising 34% of 5 2 3 the all pair hits.
2 4
The distribution genomic element enrichment of subset Lk+Ln displayed a different 5 2 5 distribution compared to the pair hits obtained without any filters ( Figure 4C ). The distribution of 5 2 6 subset Lk+Ln also showed increased deviation relative to its random sampling, albeit still at a 5 2 7 high overall level, r=0.71. Thus, accounting for confounding factors still appears incomplete.
2 8
As the last explicitly considered confounding factor, we inspected possible effects from 5 2 9 transitivity (Tr). Indirect covariances can result in overestimation of pair hits (see Methods, for 5 3 0 illustration, see Supplementary Figure 3 ). Using pair hits with a smaller cluster coefficient, and 5 3 1 hence, likely less affected by the transitivity effect, we aimed to reduce the number of redundant 5 3 2 pairs. The 25% percentile of the lowest values of transitivity were considered for analysis (subset 5 3 3
Lk+Ln+Tr, comprising pair hits with larger distance than 10K bps, the 75% highest ADD, and 5 3 4 the 25% lowest transitivity values corresponding to 20% of the original set (8,549,704 pair hits)).
3 5
The combination of the three filters yielded a distribution of the data that could not be reproduced 5 3 6 by sampling. Sample and subset Lk+Ln+Tr have an associated correlation coefficient of r=0.16 5 3 7 ( Figure 4D ). Thus, following the rationale that actual profiles of genomic-class associations 5 3 8 should not be reproducible by random sampling, we conclude that subset Lk+Ln+Tr may be 5 3 9 enriched for functionally relevant correlations, and thus, may reflect molecular interactions.
4 0
Interestingly, interactions such as tRNA-tRNA, protein-snoRNA, snoRNA-tRNA, miRNA- reflecting the potential interaction of miRNA to the associated mRNA, the results obtained for 5 4 7 subset Lk+Ln+Tr appear biologically reasonable. Likewise, pairings including pseudogenes were 5 4 8 found at low levels, which can also be taken as evidence of the validity of our results as 5 4 9 pseudogenes can be assumed non-functional. Note that the three introduced filtering steps were 5 5 0 not applied sequentially, but were each based on the complete set and the intersection of those 5 5 1 was taken. As the filtering reduced the number of pair hits, the correlation between actual and 5 5 2 sampled pair annotations may decrease purely due to increased stochasticity (smaller numbers).
3
However, the number of considered pair hits after filtering remained large. Furthermore, the for correlations between chromosomes 2 and 3, for which the two respective local clusters also 5 6 9 appear correlated among each other. Because of the introduced lineage and other filters, the 5 7 0 "stripiness", discussed above to result from the population structure and associated with North 5 7 1
American accessions, has been reduced suggesting that non-informative correlations have been 5 7 2 filtered out, albeit certainly not entirely.
7 3
Evidently, as the heatmap presents the averaged overview, individual pair hits can still be 5 7 4 present across all chromosomes and distance intervals. Furthermore, inter-chromosomal regions 5 7 5 corresponding to possible correlations between centromeric regions, observed with high SNP 5 7 6 frequency ( Figure 5A ), appear depleted for pair hits after filtering, indicating a reduced 5 7 7 probability of true functional interactions via compensatory mutations.
7 8
Pronounced differences are apparent with regard to relative abundance of pair hits for 5 7 9 particular genomic element classes. As described before, classes that appear biologically 5 8 0 1 9 plausible have moved to higher rank positions with regard to their enrichment factors (Eqs. 6-10) 5 8 1 compared to the unfiltered set ( Figure 4C compared to Figure 4A ). For example, protein-protein 5 8 2 interactions are ranked seventh after filtering, but were ranked 24th in the original set. The subset Lk+Ln+Tr was tested for enrichment of known interactions between molecules. We 5 8 6
focused on three types of interactions: protein-protein interactions (PPI), interactions between 5 8 7 miRNAs and their target genes, and DNA-DNA interactions in chromatin loops and long-range 5 8 8 chromatin interactions.
8 9
Concerning PPIs, 4,020 pair hits were found between proteins reported to interact; i.e. 5 9 0 each of the two correlated SNP-sites were found present on proteins reported to interact. This set 5 9 1 contained 290 unique gene-gene pairs corresponding to 642 unique protein-protein pairs as some 5 9 2 genes encode more than one protein variant via splice variation. When performing 100 runs of 5 9 3 random re-pairings of the same set of polymorphic sites (subset Lk+Ln+Tr), counts of pair hits on 5 9 4 interacting proteins were found with a mean of 1,053+/-80 (s.d.). By comparison, actual pair hits 5 9 5
were enriched 3.8 fold (z-score=36.9, p=1.9E-298) for known PPI relative to random pairings, 5 9 6 and thus, may reflect functional associations between proteins. Without filters (all pair hits) the 5 9 7 difference between the actual number of PPIs found with correlated mutations and the PPI found 5 9 8 in the sampling was less pronounced and increased by a factor of 1.75 only (6,049,457 pair hits, 5 9 9 z-score of 429.8, p=0). Thus, the introduced filtering steps proved effective in enriching for true 6 0 0
interactions, but also significantly reduced the number of candidate associations, likely producing 6 0 1 false negatives as well. The concept of detecting and exploiting correlated mutations as indications of physical or 7 1 5 functional interactions has been appealing from its inception (37-39). Its underlying rationale 7 1 6 appears straightforward and convincing. Furthermore, the basis for its successful application -the 7 1 7 availability of broad sequencing information -is growing rapidly. The power of this approach has 7 1 8 also been demonstrated by its successful application in predicting structural aspects or proteins 7 1 9 (e. g. (8, 11) ) and RNA (36) . At its core, the method requires evolution to have acted to select for 7 2 0 compensatory mutations. Thus, sufficient evolutionary time needs to have elapsed in order for 7 2 1 evolution to take effect. Therefore, previous studies on correlated mutation aimed to increase 7 2 2 evolutionary distances between the considered genomes and included different species only.
2 3
Here, we set out to test and apply the concept of correlated mutations within the same 7 2 4 species (Arabidopsis thaliana). Evidently, the considered genomes are more closely related with 7 2 5 less evolutionary time separating the different Arabidopsis accessions as compared to different 7 2 6 species, and therefore, the selective forces of evolution will have had less time to act. It has been 7 2 7 estimated that Arabidopsis thaliana diverged from its ancestors around 5 MYA (40); i.e. reported in this study.
1 3
When using closely related genomes as done in this study, detecting correlated mutations 8 1 4 necessarily becomes challenging for reasons of direct ancestry and linkage. However, it also 2 6 bears the advantage of allowing direct vertical alignment comparisons across the genomes 8 1 6 without necessitating establishing homology between different molecules in different species.
1 7
Yet, large deletions/ insertions and rearrangements may happen also within species and may 8 1 8 constitute a source of error of our study (47, 48).
1 9
Epistasis plays an important role in the fixation of compensatory mutations and is pivotal 8 2 0 for molecular evolution (44, 49) . This phenomenon allows the fixation of deleterious mutations if 8 2 1 compensated by other mutations, or generally by the genetic background of the organism.
2 2
Therefore, in essence, our effort to identify correlated mutations can also be seen as yielding as yet unidentified mechanism.
2 8
Aside from addressing the question as to whether even within-species variation reveals 8 2 9
evidence of compensatory mutations, ideally, correlated mutations can be exploited for those that are found on molecules not (yet) reported to interact may, in fact, suggest that they may 8 5 0 be functionally linked and may form physical contacts (Table 3) , further supported by their 8 5 1 increased semantic similarity (Figure 7) . A large proportion of those putative interactions are of 8 5 2 the type protein-protein interactions, which, of course, also reflects the genomic sequence space 8 5 3 protein coding genes occupy in the Arabidopsis genome ( Figure 1A) . The predicted interactions 8 5 4 await experimental confirmation or support by other data. Note that our method aimed to detect 8 5 5 correlated mutations that have functional meaning and reflect functional associations, however, 8 5 6 absence of correlated mutations does not mean absence of interaction. As with any correlative 8 5 7 approach and as a general word of caution, high correlation levels cannot be taken as clear 8 5 8 evidence of causality, but only to be in agreement with a causal relationship.
5 9
Pairs of tRNA-tRNA genes were found enriched for correlated mutations compared to 8 6 0 intergenic regions (Figure 4 ). This may originate from tRNA-tRNA interactions in ribosomes as competing with its shared RNA regulator molecule, typically a miRNA (53-55). These are 8 6 7 referred to as competing endogenous RNAs (ceRNAs) and the term "target mimicry" is often also 8 6 8 used to describe this phenomenon in plants (56). In Arabidopsis, snoRNA are often polycistronic 8 6 9
being transcribed from a single promoter and are also found to be dicistronic with tRNAs (57).
7 0
The joint transcription suggests that those snoRNA and tRNA share regulatory mechanisms, 8 7 1 transcriptional proteins and are evolutionary linked (58). Even though it is still obscure why these 8 7 2 two types of molecules rely on the same transcriptional mechanisms, a joint functional role 8 7 3 appears possible.
7 4
Of note also is the high number of novel interactions involving transposable elements 28. Wang,C., Liu,C., Roqueiro,D., Grimm,D., Schwab,R., Becker,C., Lanz,C. and Weigel,D. linking them compared to a set of protein pairs formed randomly. In this statistic, only those 1 1 9 5 protein pairs were considered that are not reported to interact using the available PPI information 1 1 9 6 (Wilcoxon test p-value < 2.2e-16). 
